International Journal for Parasitology 42 (2012) 177-186

Contents lists available at SciVerse ScienceDirect

International Journal for Parasitology

journal homepage: www.elsevier.com/locate/ijpara

Dual targeting of aminoacyl-tRNA synthetases to the apicoplast and cytosol
in Plasmodium falciparum

Katherine E. Jackson?, James S. Pham ?, Michelle Kwek?, Nilushi S. De Silva®!, Stacey M. Allen?,
Christopher D. Goodman ®, Geoffrey I. McFaddenP, Lluis Ribas de Pouplana ¢, Stuart A. Ralph **

2 Department of Biochemistry and Molecular Biology, Bio21 Molecular Science and Biotechnology Institute, The University of Melbourne, Victoria 3010, Australia
b School of Botany, The University of Melbourne, Victoria 3010, Australia

“ICREA, Passeig Lluis Companys 1, Barcelona 08010, Catalonia, Spain

dnstitute for Research in Biomedicine, Carrer Baldiri Reixac 10, Barcelona 08028, Catalonia, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 24 October 2011

Received in revised form 22 November 2011
Accepted 23 November 2011

Available online 24 December 2011

The causative agent of malaria, Plasmodium, possesses three translationally active compartments: the
cytosol, the mitochondrion and a relic plastid called the apicoplast. Aminoacyl-tRNA synthetases to
charge tRNA are thus required for all three compartments. However, the Plasmodium falciparum genome
encodes too few tRNA synthetases to supply a unique enzyme for each amino acid in all three compart-
ments. We have investigated the subcellular localisation of three tRNA synthetases (AlaRS, GIyRS and
ThrRS), which occur only once in the nuclear genome, and we show that each of these enzymes is dually

g%ﬁ%r;izm localised to the P. falciparum cytosol and the apicoplast. No mitochondrial fraction is apparent for these
Malaria three enzymes, which suggests that the Plasmodium mitochondrion lacks at least these three tRNA syn-
Apicoplast thetases. The unique Plasmodium ThrRS is the presumed target of the antimalarial compound borrelidin.

Borrelidin kills P. falciparum parasites quickly without the delayed death effect typical of apicoplast trans-
lation inhibitors and without an observable effect on apicoplast morphology. By contrast, mupirocin, an
inhibitor of the apicoplast IleRS, kills with a delayed death effect that inhibits apicoplast growth and divi-
sion. Because inhibition of dual targeted tRNA synthetases should arrest translation in all compartments
of the parasite, these enzymes deserve further investigation as potential targets for antimalarial drug
development.
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1. Introduction

Treatment of malaria is becoming increasingly complicated by
the widespread resistance of Plasmodium parasites to many exist-
ing antimalarial drugs. This generates an intense and urgent need
for development of new antimalarial drugs that are not compro-
mised by existing resistance mechanisms. At least two antimalarial
drugs, doxycycline and clindamycin, inhibit components of the
protein translation machinery within the apicoplast (a relic plas-
tid). The efficacy of these drugs validates protein translation as a
key drug target in Plasmodium, and suggests other elements of
the cytosolic or apicoplast protein translation machinery could
act as potential targets for antimalarial compounds. One such fam-
ily of enzymes involved in translation that has been advanced as
promising drug targets is the aminoacyl-tRNA synthetase (aaRS)
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family. These enzymes are responsible for the charging of individ-
ual tRNA molecules with their cognate amino acids (Ibba and Soll,
2000; Ochsner et al., 2007). Plasmodium, like other eukaryotes, pos-
sesses organellar as well as cytosolic tRNA synthetases and several
aaRs inhibitors inhibit growth of Plasmodium spp. The threonyl-
tRNA synthetase inhibitor, borrelidin, potently kills Plasmodium
falciparum parasites grown in culture (Ishiyama et al., 2011) and
cures mice of rodent malaria infections (Otoguro et al., 2003). A
clinically used inhibitor of bacterial type isoleucyl-tRNA synthe-
tase, mupirocin (Ward and Campoli-Richards, 1986; Gurney and
Thomas, 2011) and an inhibitor of the eukaryotic type isoleucyl-
tRNA synthetase, thiaisoleucine, also inhibit growth of cultured P.
falciparum (Istvan et al., 2011).

Inhibition of cytosolic protein machinery in Plasmodium gener-
ally leads to an immediate growth arrest, whereas inhibition of
apicoplast-targeted protein machinery leads to a characteristic de-
layed death phenotype, where parasites do not die until the subse-
quent round of replication after treatment (Dahl and Rosenthal,
2007). Thiaisoleucine, an apparent inhibitor of the Plasmodium
cytosolic IleRS, produced an immediate effect, whereas mupirocin,
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an apparent inhibitor of the Plasmodium apicoplast IleRS, produced
parasite growth inhibition consistent with the delayed death phe-
notype (Istvan et al., 2011). The action of the ThrRS inhibitor, bor-
relidin, against Plasmodium is at face value unusual because
borrelidin kills parasites rapidly as would be expected for a cyto-
solic target enzyme, but the single ThrRS encoded by the P. falcipa-
rum genome (PF11_0270) (Bhatt et al., 2009; Jackson et al., 2011),
starts with a very strongly-predicted apicoplast trafficking leader
sequence (Foth et al., 2003). We therefore investigated the traffick-
ing of this enzyme to study the nature of inhibition by borrelidin.
A distinct aaRS is needed to charge each tRNA with its cognate
amino acid. Eukaryotic organelles such as plastids and mitochon-
dria that have active translation machineries also require aaRS en-
zymes. Organellar genomes often encode all of their own tRNA
molecules but all known aaRSs are nuclear encoded, so organellar
aaRSs must be synthesised in the cytosol and post-translationally
trafficked to their destination (Duchene et al., 2009). In numerous
cases the demand for aaRS enzymes in the cytosol and in an orga-
nelle is met by dually targeting the same nuclear-encoded aaRS to
both locations. Thus, for many aaRSs in Saccharomyces cerevisiae,
a single nuclear gene encodes a protein that is localised to the cyto-
sol as well as the mitochondria (Natsoulis et al., 1986; Chatton et al.,
1988). In Arabidopsis the situation is even more complex, with some
aaRs gene products being dually targeted to the chloroplast and the
mitochondrion, and even some aaRSs that are found in the cytosol
and both endosymbiotic organelles (Souciet et al., 1999; Duchene
et al., 2005). Differential solubilisation experiments indicate that
some aaRSs in the apicomplexan Toxoplasma gondii are also dually
targeted to multiple compartments (Pino et al., 2009). The mecha-
nisms for many of these multiple targeting events remain unclear.
We searched for possible examples of multiple targeted aaRSs
encoded by P. falciparum genes (Gardner et al., 2002). As noted pre-
viously (Bhatt et al., 2009; Pino et al., 2009; Jackson et al.,2011), sev-
eral aaRS proteins are found only once in the Plasmodium genome,
including ThrRS (the presumed target of borrelidin), a predicted
AlaRS and a predicted GIyRS. These are candidates for targeting to
multiple compartments and allow us to specifically investigate
whether the Plasmodium mitochondria harbours tRNA synthetases.
No tRNA molecules are encoded by apicomplexan mitochondrial
genomes and Toxoplasma appears to import tRNA from the cytosol
(Esseiva et al., 2004; Pino et al., 2009). How these tRNAs are charged
and recycled remains unknown. Here we dissect the trafficking of
these three aaRS proteins (PfAlaRS, PfGlyRS and PfThrRS) using fluo-
rescent protein and epitope tagging approaches, and demonstrate
that each is dually targeted to the apicoplast and cytosol but not to
the mitochondrion. We show that although the IleRS inhibitor, mup-
irocin, leads to a specific block in apicoplast division, borrelidin leads
to an immediate growth arrest, consistent with inhibition of a
PfThrRS that drives both cytosolic and apicoplast translation.

2. Materials and methods
2.1. Bioinformatic analysis

Sequences of the annotated PfAlaRS (PF13_0354), PfGlyRS
(PF14_0198) and PfThr-RS (PF11_0270) were obtained from Plas-
moDB (Aurrecoechea et al., 2009) (www.plasmodb.org). Sequences
for putative orthologues were retrieved using BLAST searches
(Altschul et al., 1997) of the GenBank non-redundant (nr) (Benson
et al.,, 2011) and orthoMCL databases (Chen et al., 2006). Align-
ments were performed using ClustalW (Larkin et al., 2007). Analy-
sis of the N-terminal targeting information was performed using
SignalP (Bendtsen et al., 2004), PATS (Zuegge et al., 2001) and Plas-
moAP (Foth et al., 2003), as well as through manual inspection of
residues.

2.2. Parasite culture

Plasmodium falciparum parasites of the 3D7 strain were contin-
uously cultured in O+ human erythrocytes (Australian Red Cross
Blood Service, Melbourne, Australia) using a modification of the
method established by Trager and Jensen (1976). Plasmodium falci-
parum-infected erythrocytes were maintained in RPMI-HEPES sup-
plemented with 3.6% sodium bicarbonate and 5% Albumax
(Invitrogen-Gibco, Australia). The cultures were incubated in an
atmosphere of 5% CO,, 1% 0, and 94% N, at 37 °C. Parasite cultures
were synchronised by repeatedly eliminating mature parasites
using 5% sorbitol (Lambros and Vanderberg, 1979).

The double-transfectant P. falciparum parasites D10 ACP-RFP,
CS-YFP were used to simultaneously image the mitochondria and
apicoplast in live cells. This double transfectant stably expresses
the apicoplast targeting sequence of acyl carrier protein (ACP)
fused with red fluorescent protein (RFP) and the mitochondrial tar-
geting sequence of citrate synthetase (CS) fused with yellow fluo-
rescent protein (YFP) (van Dooren et al., 2005). The transfectant
cell line was cultured as described above and under drug selection
of 5nM WR99210 and 2.5 pg/ml blasticidin S.

2.3. Drug assays

Parasite growth assays in response to drug treatment were con-
ducted using the SYBR Green assay described by Smilkstein et al.
(2004) with modifications as described by Goodman et al. (2007).
The multi-drug resistant P. falciparum W2mef parasite strain was
used for all drug assays. Growth was assayed after 48 h of drug
treatment. For delayed death experiments, assays were also per-
formed by treating parasites with inhibitor for 48 h, then replacing
with media containing no inhibitor and growing a further 48 h be-
fore measuring growth. Compounds were dissolved in methanol,
with a final methanol concentration of no greater than 0.1% in cul-
ture medium. Experiments were performed in triplicate and were
independently performed at least three times.

D10 ACP-RFP, CS-YFP parasites were synchronised, then cul-
tured in approximate 96-h ICgy concentrations of mupirocin
(200 nM) and borrelidin (5.2 nM), or in 0.1% methanol carrier
alone. Parasites were imaged 42 and 90 h after invasion.

2.4. Plasmids and transfection

A triple haemagglutinin (3x HA) tagging plasmid was used to
tag the 3’ end of the endogenous copy of PF11_0270, PF13_0354
and PF14_0198 with a 3x HA repeat as previously described (Tri-
glia et al.,, 2011). C-terminal fragments of PF11_0270 (855 bp),
PF13_0354 (1124 bp) and PF14_0198 (849 bp) were amplified
from P. falciparum 3D7 genomic DNA by PCR using the oligonucleo-
tide pairs [5'gcggccgcGGATGCTCTATACGCAGCAAATG/5 ctgcagcA-
ATGGTTTGGTTTGAGTTAAATTCC], [5'agatctCATCTAAGACGCATGA-
AGGAAATAATG/ctgcagc TTTGTTAATATTTITAACATTTCTTCGGCATG]
and [5'agatctGTTGGACATGCTGATAGATCAGC/ctgcagcGGAATCCAA-
AACCTGCTG], respectively. These fragments provide read-through
of the native stop codons into the HA tags.

The PF11_0270 PCR fragment was cloned into the 3x HA-tag-
ging plasmid with the Notl and Pstl sites and the PF13_0354 and
PF14_0198 fragments were cloned using the Bglll and Pstl sites.
Ring stage P. falciparum of the 3D7 strain were transfected with
100 pg of purified plasmid DNA. Selection of stable integrants by
3’ single crossover recombination was performed as described by
Duraisingh et al. (2002).

The pGlux plasmid was used to tag N-terminal fragments of
PF11_0270, PF13_0354 and PF14_0198 with GFP as previously de-
scribed (Boddey et al, 2009). The N-terminal fragments of
PF11_0270 (1-180bp), PF13_0354 (1-210bp) and PF14_0198
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(1-204 bp) were synthesised (Geneworks, Australia) with 5'Xhol
and 3'Xmal restriction sites used to clone into the pGlux plasmid.
Ring stage P. falciparum parasites of the 3D7 strain were transfec-
ted with 100 pg of purified plasmid DNA as described by Durais-
ingh et al. (2002) and grown in the presence of 5 nM WR99210.

2.5. Western blotting

Infected erythrocytes were tightly synchronised by treating
twice with 5% sorbitol for 10 min at 37 °C, 18 h apart. Parasites
were allowed to develop through trophozoite, schizont and ring
stages where total protein from ring (8 h post-invasion), trophozo-
ite (20 h post invasion) and schizont stages (40 h post invasion)
was obtained by lysis with saponin 0.03% for 10 min at 4 °C in
the presence of complete EDTA-free protease inhibitor (Roche,
Australia). Proteins from 5 x 10° cells were separated on 3-8%
Tris—Acetate gels with Tris-Acetate running buffer (Invitrogen).
This loading corresponded to 9, 27 and 60 g of total parasite pro-
tein for the ring, trophozoite and schizont samples, respectively.
Proteins were transferred to Hybond polyvinylidene fluoride
(PVDF) membrane (GE Healthcare Life Sciences, Australia) follow-
ing standard western blotting protocols (Invitrogen, Australia).
aaRS-HA fusions were identified with mouse anti-HA from Roche
(1/1,000) followed by Molecular Probes anti-mouse HRP-conju-
gated IgG (1/5,000), while GFP fusions were labelled with mouse
anti-GFP from Roche (1/1,000) followed by Molecular Probes
anti-mouse HRP-conjugated IgG (1/5,000) and visualised using a
chemiluminescence system (ECL, Pierce, Australia).

2.6. Immunofluorescence assays and microscopy

Erythrocytes infected with mixed stage parasites were fixed for
30 min at room temperature (RT) in PBS containing 4% (v/v) para-
formaldehyde and 0.0075% (v/v) glutaraldehyde, washed in PBS,
permeabilised with 0.1% (v/v) Triton X-100 in PBS for 10 min at
RT and washed with PBS as described by Tonkin et al. (2004). Cells
were incubated with 3% (w/v) BSA containing either rat anti-HA (1/
100, Roche), mouse anti-HA (1/100, Roche), rabbit anti-ACP (1/500)
or rabbit-anti-GFP (1/200, Roche) antibodies for 1 h at RT. Cells
were washed in PBS and incubated in 3% (w/v) BSA containing
Alexa Fluor 488-conjugated Goat anti-Rabbit/Rat/Mouse IgG
(1:200, Molecular probes) for 1 h at RT. Finally, labelled cells were
incubated with DAPI (0.5 pg/ml) for 5 min at RT, washed three
times with PBS and mounted on a glass slide in the presence of
DABCO mounting medium. Live cell imaging was conducted fol-
lowing incubation of infected erythrocytes with 20 nM of Mitotrac-
ker at 37 °C for 20 min and 0.5 pg/ml of DAPI for 5 min at RT.

To extract cytosol contents for viewing apicoplast labelling, par-
asites were treated with 0.2% saponin in PBS (compared with the
0.02-0.10% concentration that preserves plasma membrane integ-
rity) prior to the fixation and preparation as described above.

Parasites were imaged with a Zeiss Axioplan2 using an Axio-
CamMR camera and AxioVision 4.5 software. Images shown were
processed with Image] software (http://rsbweb.nih.gov/ij).

2.7. RNA extraction

Infected erythrocytes were tightly synchronised by treatment
twice with 5% (w/v) sorbitol for 10 min at 37 °C, 18 h apart. Para-
sites were then allowed to develop through trophozoite, schizont
and ring stages where mRNA from ring (8 h post-invasion) and
schizont stages (40 h post invasion) was extracted using 10 vol.
of TRIzol reagent (Invitrogen) for 10 min at 37 °C, followed by incu-
bation with 0.2 TRIzol volumes of chloroform for 3 min at RT. Fol-
lowing centrifugation at 1,400g for 30 min at 4 °C the aqueous
upper layer containing RNA was taken and RNA was precipitated

with 0.5 TRIzol volumes of 2-propanol for at least 2 h at 4°C.
RNA was sedimented at 12,000g for 30 min at 4 °C. The RNA pellet
was air-dried for 5 min and resuspended in 50 pl of formamide.

2.8. Digoxigenin (DIG)-probe synthesis

Specific probes for the identification of PF11_0270 (PfThrRS),
PF13_0354 (PfAlaRS) and PF14_0198 (PfGlyRS) were amplified
from P. falciparum 3D7 genomic DNA by PCR using the DIG probe
synthesis kit (Roche) and the oligonucleotide pairs [5'gcggccgcG-
GATGCTCTATACGCAGCAAATG/5'ctgcagcAATGGTTTGGTTTGAGTT-
AAATTCC], [5’'agatctCATCTAAGACGCATGAAGGAAATAATG/ctgcage-
TTTGTTAATATTTTTAACATTTCTTCGGCATG] and [5'agatctGTTGGAC-
ATGCTGATAGATCAGC/ctgcagcGGAATCCAAAACCTGCTG], respec-
tively, following the manufacturer’s instructions.

2.9. Northern blotting

mRNA from 2 x 10° ring (8 h post-invasion) and schizont stage
(40 h post invasion) parasites was denatured at 60 °C for 5 min,
chilled on ice and separated through a 1.5% agarose gel prepared
with TBE (89 mM Tris, 89 mM Borate and 2 mM EDTA, Ambion,
Australia) and supplemented with 1x SYBRSafe (Invitrogen) and
1 M guanidine thiocynate (Sigma) at 5.5 V/cm for 15 min followed
by 3.5 V/cm for 3 h. The gel was incubated twice in 7.5 mM NaOH
(Sigma) for 15 min at RT and the RNA was transferred to Hybond
N+ membrane overnight by capillary transfer following standard
protocols. The membrane was neutralised in 2x SSC (0.3 M Nadl,
30 mM sodium citrate, pH 7), air-dried and UV cross-linked. The
membrane was pre-hybridised in Church buffer (0.2 M NaH,PO,,
0.3 M NayHPOy4, 7% SDS) at 55 °C for 4 h. The membrane was hybri-
dised with Church buffer containing denatured DIG-labelled spe-
cific probes (2 pl/ml) and herring sperm DNA (30 pg/ml) at 55 °C
overnight. The membrane was washed in 0.5x SSC, 1% SDS pre-
warmed at 60 °C twice for 10 min. The detection of the DIG-la-
belled probes was performed using the DIG Nucleic Acid Detection
kit (Roche) following the manufacturer’s instructions for detection
using enzyme-linked immunoassay with ready-to-use CSPD
(chloro-5-substituted adamantyl-1,2-dioxetane phosphate, Roche,
Australia).

2.10. Immunoprecipitation

Infected erythrocytes (~10% parasitemia in 2 ml packed eryth-
rocytes) were lysed with saponin 0.03% for 10 min at 4 °C in the
presence of complete EDTA-free protease inhibitors (Roche). Para-
sites were isolated by centrifugation at 5,000g for 5 min and
washed three times in PBS. Cells were resuspended in 10 vol. of
ice-cold TNET buffer (50 mM Tris, pH 7.4, 300 mM NaCl, 5 mM
EDTA and 2% (w/v) Triton X-100) containing complete EDTA-free
protease inhibitor and mixed by vortexing. Cells were incubated
on ice for 30 min and vortexed three times. Soluble and insoluble
material were separated by centrifugation at 16,000g for 20 min
at 4 °C and the soluble fraction containing aaRSs was pre-cleared
with protein A Sepharose (BioVision, Australia) for 1.5 h at 4 °C.
The pre-cleared supernatant was incubated with mouse anti-HA
(Roche)-conjugated protein A Sepharose for 4 h at 4 °C. The protein
A Sepharose was washed three times in TNET and twice in PBS,
both containing complete EDTA-free protease inhibitor (Roche).
Immunoprecipitated pellets were combined with 30 pl 6x sample
loading buffer and separated by SDS-PAGE through a 3-8% Tris—
Acetate gels with Tris—Acetate running buffer (Invitrogen).
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3. Results

3.1. Mupirocin inhibits apicoplast development but borrelidin leads to
general cell-wide arrest

Two inhibitors of tRNA synthetases, mupirocin and borrelidin,
have previously been shown to inhibit parasite growth (Otoguro
et al.,, 2003; Ishiyama et al., 2011; Istvan et al., 2011). Mupirocin
kills parasites with delayed death kinetics, consistent with apicop-
last inhibition. We wished to directly compare the actions of
mupriocin and borrelidin. We assayed parasites in the presence
of serial dilutions of inhibitor, both by microscopic examination
(Fig. 1A) and by SYBR green measurement of parasite nucleic acid
(Smilkstein et al., 2004; Goodman et al., 2007). The concentrations
of compound required to inhibit 50% of assayed growth (ICsgs)
were determined for 48 h of treatment, as well as 48 h of treatment
followed by an additional 48 h of growth with inhibitor washed
out, in order to assay delayed death (Table 1). At 48 h mupirocin
had only a minor effect at the highest concentrations tested
(400 uM) but at 96 h the ICso was 50 + 4 nM S.D., comparable to
the previously determined delayed death ICsq of 40.7 nM (assayed
using a slightly different method) (Istvan et al., 2011). This con-
firms that mupirocin has no immediate Killing effect, but does
show potent delayed death. Borrelidin had a 48h ICso of
14+02nM S.D. but an only marginally lower 96 h ICsq of
1.25nM £ 0.3 nM S.D., indicating that borrelidin does not have a
delayed death phenotype. This 48 h ICsq is comparable to the pub-
lished ICso of borrelidin for P. falciparum strains K1 and FCR3 of
1.9 nM and 1.8 nm, respectively (Ishiyama et al., 2011).

We investigated the effect of these inhibitors on organelle mor-
phology by growing parasites in the presence of ICqy concentra-
tions of each compound for 92 h. Parasites with a RFP-labelled
apicoplast and a YFP-labelled mitochondrion (D10 ACP-RFP, CS-
YFP) were used to simultaneously visualise both organelles in live
cells. Synchronised parasites were imaged at 40 h post invasion
and at 92 h (i.e. second cycle) post invasion. Mupirocin treated par-
asites showed no apparent defect in the first cycle (40 h timepoint)
but at 92 h apicoplast morphology was severely affected (Fig. 1B).
While mitochondria continued to elongate and branch in these
parasites, the apicoplast remained a single small punctum. Nuclear
replication was also somewhat retarded. This effect has previously
been observed with antibiotics that inhibit apicoplast translation
(Dahl and Rosenthal, 2007). Borrelidin-treated parasites showed
no such apicoplast-specific effect. Parasite growth was arrested
by the 40 h timepoint and cells were visibly less healthy, but with
no specific effect on mitochondrial or apicoplast branching or divi-
sion (Fig. 1B). By 92 h many parasites had lysed but those few sur-
viving parasites continued to show no specific organellar defect.
Together, these data confirm the specific apicoplast effect of mup-
irocin, as shown by Istvan and colleagues (2011) but show that the
effect of borrelidin is not restricted to an organelle-specific pheno-
type. This is inconsistent with the presumed target of borrelidin
(PfThrRS) being restricted to the apicoplast.

3.2. Plasmodium falciparum encodes single copies of AlaRS, GlyRS and
ThrRS with predicted apicoplast targeting leader sequences

Bioinformatic analysis of the P. falciparum genome revealed
only a single gene for each of AlaRS, GlyRS and ThrRS (Identifiers
PF13_0354, PF14_0198 and PF11_0270, respectively). No aaRS
genes were found in the apicoplast or mitochondrial genomes,
and no significant hits to additional genes for these aaRS enzymes
were discovered after extensive sequence similarity searching.
Each of these three aaRS enzymes are highly conserved with the
corresponding enzymes from other phyla. The PfAlaRS is 46% iden-
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Fig. 1. Response of parasites to the aminoacyl-tRNA synthetase inhibitors borre-
lidin and mupirocin. (A) Synchronised parasites were treated at 18 h post invasion
with concentrations of inhibitor at approximate ICgo concentrations; 200 nM
mupirocin and 5.2 nM borrelidin, or with carrier alone - 0.1% methanol (control).
Parasites (red arrows [grey in print version]) were analysed at the ring and schizont
stages by light microscopy of Giemsa-stained smears. Borrelidin-treated parasites
failed to develop into schizonts at 42 h, and the majority of parasites remained
pyknotic without further development. Remnants of parasites were observed at 42
and 66 h. Mupirocin-treated parasites developed into normal schizonts at 42 h,
produced merozoites that invaded red blood cells and formed rings, as observed at
66 h. The rings enlarged into dark trophozoites at 90 h. However, these parasites
failed to develop into normal schizonts and did not produce additional merozoites,
as observed at 106 h. This is characteristic of the delayed death phenotype, and is
consistent with previous reports of mupirocin (Istvan et al., 2011). Scale bar = 4 pm.
(B) Apicoplast division is inhibited by mupirocin but borrelidin leads to global
cellular arrest. Plasmodium endosymbiotic organelles were visualised using double-
transfected parasites with red fluorescent protein-labelled apicoplasts and yellow
fluorescent protein-labelled mitochondria (D10 acyl carrier protein-RFP, citrate
synthetase-YFP) (van Dooren et al, 2005). In the schizont stage of untreated
parasites both the apicoplast and mitochondria elongate, branch and divide to
segregate into daughter merozoites. In mupirocin-treated parasites (200 nM
mupirocin), both organelles divided and segregated normally in the first round of
treatment (42 h observation). However, after reinvading, parasites initially
appeared normal, but apicoplasts did not elongate or branch, and no daughter
merozoites were formed (90 h observation). Mitochondrial elongation and branch-
ing proceeded normally until schizont stages. In borrelidin-treated parasites, cells
quickly (within 42 h) appeared shrunken and pyknotic, although no specific
organellar defects were seen. Parasites did not proceed to make daughter
merozoites. Some parasites persisted for another 48 h, but many were apparently
lysed or pyknotic. Scale bar = 4 pm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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tical/62% similar to the Arabidopsis AlaRS, the PfGIyRS is 40% iden-
tical/58% similar to fungal GlyRSs and the PfThrRS is 49% identical/
64% similar to fungal ThrRSs (Supplementary Fig. S1). Each of these
three genes are single exon open reading frames (ORFs), although
some very small introns in the untranslated regions (UTRs) of the
PfAlaRS are suggested by RNA-seq analysis (Bartfai et al., 2010). Se-
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Table 1
Aminoacyl-tRNA synthetase inhibitor concentration to give 50% response (ICss) at 48
and 96 h.

Borrelidin Mupirocin
ICsp at 48 h 1.4+0.2nM >400 uM
ICs0 at 96 h 1.25+0.3 nM 50 + 4 nM

ICsos as measured by SYBR Green assay (Smilkstein et al., 2004; Goodman et al.,
2007) using Plasmodium falciparum W2Mef strain. Measurements were made after
48 h of drug treatment. After 48 h the parasites were washed in medium without
drug and another measurement was made at 96 h. These data show that mupirocin,
but not borrelidin, produces the delayed death phenotype.
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Fig. 2. Schematic of bioinformatic analysis of PfThrRS, PfAlaRS and PfGIyRS. (A) Each
of these three unique Plasmodium falciparum (Pf) aminoacyl-tRNA synthetase-
encoding genes encodes a product with a N-terminal extension that has no
similarity to aaRSs outside the phylum Apicomplexa. This extension corresponds in
each case to a predicted bipartite apicoplast leader that consists of a signal peptide
followed by a transit peptide. In each case a methionine (conserved between
Plasmodium spp. (Supplementary Fig. S1)) is positioned slightly upstream of the
point at which the protein starts to match other aaRSs. Yellow (white in print
version) signifies a signal sequence; and blue (dark grey in print version) signifies
conservation with orthologues outside the phylum Apicomplexa. Red (light grey in
print version) signifies potential alternate initiating methionines. Alignments
showing sequence conservation are shown in Supplementary Fig. S1. (B) Northern
blot analysis of PfThrRS, PfAlaRS and PfGlyRS mRNA. Northern blots reveal stage-
specific differences in transcript length between ring stage (R) and schizont stage
(S) parasites. Equal parasite numbers corresponding to 2 x 10° infected erythro-
cytes were loaded for each stage, then labelled with a probe specific for the 3’ end of
the open reading frame for each of pfthrrs, pfalars and pfglyrs. For each of the three
genes, a minor, shorter transcript species is observed in early ring parasites. nt,
nucleotide. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

quence analysis revealed the presence of a canonical N-terminal
signal sequence (Fig. 2A) and each of PfAlaRS-, PfGlyRS- and
PfThrRS were strongly predicted by PATS (Zuegge et al., 2001)
and PlasmoAP (Foth et al., 2003) to be targeted to the apicoplast.

Alignment of Plasmodium AlaRS, GlyRS and ThrRS to their ortho-
logues from other organisms revealed that each of these three
aaRSs gene products contain N-terminal extensions ranging from
approximately 100 amino acids as seen in PfGlyRS to ~380 amino
acids in the case of PfAlaRS (Fig. 2A, Supplementary Fig. S1). These
extensions are in each case predicted to contain apicoplast target-
ing information. How then might these genes encode isoforms of
these proteins essential for the cytosol? One possible mechanism
for dual targeting is alternate sites for initiation of translation,
and each of these genes contains an internal methionine slightly
N-terminal to the point at which the predicted proteins start show-
ing substantial matches to their orthologues outside the phylum
Apicomplexa (Met 350 for PfAlaRS, Met 82 for PfGIyRS, Met 150
for PfThrRS). Throughout the genus Plasmodium, this methionine
is in the same position, or within a few residues, relative to the
start of the matching enzyme sequence (Supplementary Fig. S1),
consistent with a possible conserved function as an alternate initi-
ation site.

3.3. Transcript analysis

Northern blotting was performed to explore the transcription of
these genes in asexual parasite stages. Consistent with stage-spe-
cific RNA-seq analysis (Bartfai et al., 2010), these transcripts were
considerably more abundant in schizont stages than in early ring
stages (Fig. 2B). Unexpectedly, we observed a stage-specific differ-
ence in the size of the transcript for the three aaRSs, with all show-
ing a short transcript in rings but a long transcript in schizont stage
parasites (Fig. 2B). PfAlaRS, which has a protein coding sequence of
4,227 nucleotides (nt), had a major band of approximately 5,000 nt
in schizont stages, but a smaller band just over 4,000 nt in ring
stages. PfGIyRS, which has a protein coding sequence of 2,670 nt,
showed a major transcript of approximately 4,000 nt in schizont
stages but a shorter transcript of just over 3,000 nt in ring stages.
PfThrRS, which has a protein coding sequence of 3,042 nt, also
has a major transcript of approximately 4,000 nt in schizont stages
but a shorter transcript of just over 3,000 nt in ring stages. No
apparent introns are present in the coding regions, although some
small introns are suggested by published RNA-seq data in the
5'UTR and 3'UTR of the PfGIyRS (Bartfai et al., 2010). The differ-
ences in transcript lengths are thus likely to represent alternate
transcript initiation or termination sites, which is consistent with
available RNA-seq data for these genes (Bartfai et al., 2010).

3.4. The N-terminus of PfAlaRS, PfGlyRS and PfThrRS is sufficient for
targeting GFP to the apicoplast in P. falciparum

We cloned N-terminal fragments of the PfAlaRS (amino acids 1-
70), PfGlyRS (amino acids 1-68) and PfThrRS (amino acids 1-60)
aaRSs in front of GFP to determine whether these represent genuine
apicoplast targeting leaders, as predicted by our bioinformatic
analysis. These reporter fusions were transfected into the P. falcipa-
rum 3D7 strain and expressed episomally, transcribed using the
PfCRT promoter of the pGlux plasmid. Western blot analysis con-
firmed the expression of each of these fusion proteins in P. falcipa-
rum (Fig. 3C). Each of the three transfectant lines produced the
characteristic doublet band with the upper band corresponding
in size to an expected GFP fusion retaining an apicoplast transit
peptide, and a second band around 4 kilodaltons (kDa) lower,
which corresponds to a version with the transit peptide cleaved
off. The upper bands run at approximate apparent masses of
33 kDa (PfThrRS), 33.5 kDa (PfAlaRS) and 34 kDa (PfGlyRS), consis-
tent with their expected calculated masses of 32, 32.6 and 33 kDa,
respectively (Fig. 3C). Signal peptides are co-translationally re-
moved and we therefore do not expect to see a band representing
such a full-length version. Apicoplast transit peptide cleavage sites
are not well understood and can vary depending on fusion context,
so we are unable to predict whether the transit peptide cleavage
sites of these fusion proteins necessarily indicate the positions of
transit peptide cleavage for the native proteins.

Live cell fluorescence of all three parasite lines showed clear
localisation to an organelle reminiscent of the apicoplast (Fig. 3B).
This signal was not found in the cytosol and did not colocalise with
Mitotracker, a live cell stain for mitochondria (Fig. 3B). Colocalisa-
tion of anti-GFP labelling in immunofluorescence assays with a
marker for the apicoplast (anti-ACP) confirmed that all three repor-
ter fusions localise to the apicoplast (Fig. 3A). This confirms that the
N-terminal extension of each of the these three aaRS gene products
corresponds to an apicoplast-targeting sequence and does not di-
rect protein targeting to the mitochondrion, nor to the cytosol.

3.5. HA-epitope tagging of PfAlaRS, PfGlyRS and PfThrRS

The localisation of genes through N-terminal fusion to GFP does
not always provide the complete picture because only a fragment
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Fig. 3. The N-terminus of Plasmodium falciparum (Pf)ThrRS, PfGlyRS and PfAlaRS directs apicoplast targeting. (A) PfThrRS;_eo-GFP, PfAlaRS;_70-GFP and PfGlyRS;_gs-GFP
transfected parasites were labelled with anti-GFP and anti-acyl carrier protein antibodies and DAPI. The aminoacyl-tRNA synthetase-GFP fusions overlap with the apicoplast
marker ACP, demonstrating that the N-terminus of these gene products is sufficient for apicoplast targeting. Bright field panels show the parasite (P) residing in its host
erythrocyte (E). (B) Live cell microscopy shows that the N-terminal fragments of the aaRSs do not direct trafficking to mitochondria. Live parasites were stained using
Mitotracker to highlight the mitochondria and this was compared with the GFP signal for each of the aaRS-GFP parasites. In all cases the mitochondria labelled a distinct and
separate organelle from the GFP, indicating that these N-terminal leaders do not direct mitochondrial trafficking. (C) Western blotting (using anti-GFP antibody) of parasites
transfected with the N-termini of the aaRS proteins fused to GFP shows that the apicoplast targeting leader is cleaved as expected. In each of the N-terminal aaRS-GFP fusions
a doublet is seen corresponding to a longer version retaining the transit peptide (but lacking the co-translationally-removed signal peptide) and a shorter version with the
transit peptide removed. A similar pattern is frequently observed with apicoplast-targeted proteins.

of the gene is used and because the transcript start site, transcrip-
tion timing and transcript abundance are controlled by a heterolo-
gous promoter and chromatin context. We therefore further
investigated the localisation of these tRNA synthetases through
epitope tagging of the native chromosomal genes. Introduction of
a C-terminal 3x HA tag by 3’ single crossover recombination al-
lowed us to localise and follow the expression of the PfAlaRS,
PfGIyRS and PfThrRS.

Western blotting confirmed that all three aaRSs were expressed
at ring, trophozoite and schizont stages of P. falciparum develop-
ment with maximal expression in the schizont stage (Fig. 4B).
PfThrRS-HA migrated with an apparent molecular mass of just un-
der 110 kDa (Fig. 4B), which is lower than the predicted molecular
mass of 120 kDa for this protein lacking its predicted signal se-
quence, but consistent with translation initiation from the internal
methionine at position 150 (expected mass 105 kDa). PfAlaRS-HA
migrated with an apparent molecular mass of just under 130 kDa
(Fig. 4B), also significantly lower than its predicted molecular mass
of 166 kDa for this protein lacking its predicted signal sequence,
but consistent with initiation from the internal methionine at po-
sition 350 (predicted mass 127 kDa). PfGlyRS-HA (Fig. 4) migrated
with an apparent molecular mass of approximately 105 kDa,
potentially consistent with a version at the full length (108 kDa),
or with a version lacking the signal peptide (105 kDa), or even with
a version initiating at methionine (98 kDa). Only a single specific
band was observed for each of the HA-tagged aaRS proteins. At-
tempts to confirm the N-termini of these proteins by immunopre-
cipitating the proteins with anti-HA antibody, then analysing by
MS/MS or Edman degradation, did not yield N-terminal peptide
information.

3.6. HA-tagged PfAlaRS, PfGlyRS and PfThrRS are dual targeted to the
parasite cytosol and apicoplast

Immunofluorescence assays performed on PfAlaRS, PfGlyRS and
PfThrRS-HA transfectants revealed that in contrast to the clear un-
iquely-apicoplast localisation of the N-terminal GFP fusion, the
dominant label for each of these proteins was located in the para-
site cytosol (Fig. 4A). Colocalisation with the apicoplast marker ACP
showed overlap with the smaller punctate apicoplasts, and in some
cells there were foci of HA-labelling colocalising with the ACP-la-
belled apicoplast. Given the dominant fluorescence from the cyto-
solic fraction, it was not easy to discern whether the overlapping
anti-HA signal was signal from adjacent cytosolic protein or a true
apicoplast signal. The apicoplast is very narrow - as little as
200 nm wide - so is too small to robustly resolve whether a signal
is adjacent to the apicoplast or within the lumen, even by three-
dimensional confocal microscopy.

We therefore investigated selective permeabilisation methods
to dissect the subcellular localisation of these HA tagged proteins.
Saponin is routinely used to lyse erythrocyte membranes and par-
asite parasitophorous vacuole membranes at concentrations of be-
tween 0.02% and 0.1%, but at higher concentrations also lyses the
parasite plasma membrane. Using antibodies against the apicop-
last protein ACP to monitor apicoplast intactness, we examined
parasites at high (0.1-0.5%) saponin concentrations. At 0.2% sapo-
nin, parasite plasma membranes were effectively permeabilised
in most parasites allowing leaking of the cytosol, but apicoplasts
were maintained as a single intact organelle. We therefore treated
the HA-tagged parasites with 0.2% saponin to extract the dominant
cytosolic signal. This treatment resulted in considerably less bright
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Fig. 4. Epitope-tagging of Plasmodium falciparum (Pf)ThrRS, PfGlyRS and PfAlaRS. (A) The single, chromosomal copies of PfThrRS, PfGlyRS and PfAlaRS were tagged with a triple
hemagglutinin (3 x HA) through transfection and 3’ replacement. Immunfluorescence assays show that the majority of each of these epitope tagged proteins is localised to the
parasite cytosol. An early trophozoite and a schizont stage parasite are shown for each parasite line. Parasites were labelled with anti-HA and anti-acyl carrier protein
antibodies and DAPI. Bright field panels show the parasite (P) residing in its host erythrocyte (E). Some epitope tagged protein colocalises with the apicoplast marker ACP, but
the dominant signal from the cytosolic HA-tagged protein in these parasites makes it unclear whether this is specific colocalisation or signal from adjacent protein. The very
small size of the apicoplast (~200 nm diameter) makes this question difficult to resolve by light microscopy under these conditions. (B) Western blot of 3x HA tagged
PfThrRS, PfGlyRS and PfAlaRS. Equal parasite numbers were loaded for ring (R), trophozoite (T) and schizont (S) stages corresponding to 9, 27 and 60 g of total protein,
respectively. A single band is seen for each of the three aminoacyl-tRNA synthetase proteins. The mobility in each case corresponds to the mass of a protein initiating at the
conserved internal methionines (Met 350 for AlaRS, Met 82 for GlyRS, Met 150 for ThrRS), suggesting that these dominant bands represent protein initiated at these alternate,
internal methionines. This dominant protein fraction likely corresponds to the cytosolic product seen in A. No additional apicoplast product is observed in these parasites. It is
not known whether the failure to detect a second product is because the apicoplast fraction is so minor in comparison to the cytosolic version - consistent with the
immunofluorescence - or because the transit peptide cleavage site in these tagged native proteins is so close to the point of translation alternate initiation that the two are

not electrophoretically separated.

fluorescence from the cytosol, and for each of the three HA-tagged
aaRS proteins allowed clear visualisation of a residual punctum
that colocalised with the apicoplast marker ACP (Fig. 5). A negative
control using solely cytosolic GFP showed no overlap with the api-
coplast in such preparations, nor did mismatched antibody con-
trols, confirming the specificity of this localisation (data not
shown). No adjacent labelling, potentially signifying mitochondrial
localisation, was observed. These experiments therefore demon-
strate that the HA-tagged PfAlaRS, PfGlyRS and PfThrRS are each
dually targeted to the apicoplast and the cytosol. In each case the
immunofluorescence assays showed that the great majority of
the protein (we estimated well over 95% of the fluorescence) is
found in the cytosol, but that a detectable fraction is specifically
localised in the apicoplast when the cytosolic isoform is extracted.

All details of protein localisations have been submitted to Api-
Loc (www.apiloc.biochem.unimelb.edu.au), a database for apicom-
plexan subcellular localisations.

4. Discussion

Our data indicate that Plasmodium provides for aminoacylation
of apicoplast and cytosolic tRNA-Ala, tRNA-Gly and tRNA-Thr
through the dual localisation of the three relevant aminoacyl-tRNA
synthetases. Dual localisation of proteins is a widespread phenom-
enon, found in many if not all eukaryotes, and in a very high per-
centage of proteins within some species (Arnoys and Wang,

2007). In yeast, it is estimated that up to one-third of the mito-
chondrial proteome is also dually targeted to an additional com-
partment (Ben-Menachem et al, 2011). This phenomenon
appears to be more common for some protein families than others,
with proteins that can perform a useful function in multiple com-
partments being more likely to be recruited to diverse localisa-
tions. One such family is the aminoacyl-tRNA synthetases.
Because these molecules are so ancient, and because their func-
tions are frequently required in cytosol, mitochondria and plastids,
there has been ample opportunity, and abundant examples, of the
evolution of dual or even triple localisations of individual aaRSs
(Duchene et al., 2005, 2009). In well-studied model organisms such
as S. cerevisiae and Arabidopsis thaliana, many examples of the
products of a single nuclear gene being targeted to two or more
of the cytosol, mitochondria and plastid are known (Natsoulis
et al., 1986; Chatton et al., 1988; Souciet et al., 1999; Duchene
et al., 2005). Various molecular mechanisms have been proposed
and demonstrated to achieve this alternate protein localisation.

A common mechanism for dual targeting of proteins is the pro-
duction of alternately spliced transcripts that carry or lack target-
ing information (Takao et al., 1998; Lareau et al., 2004). An unusual
example is the alternate trans-splicing of tRNA synthetases to pro-
duce alternately localised isoforms in Trypanosoma brucei (Rettig
et al., in press). By contrast, an alternate cis-splicing mechanism
apparently controls localisation of the P. falciparum protein MAEBL,
where alternate splice forms either possess or lack a transmem-
brane domain, producing membrane-bound or soluble isoforms,
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respectively (Singh et al., 2004). It is unclear whether alternate
splicing has any role in the dual localisation of PfAlaRS, PfGlyRS
or PfThrRS. Our northern blot data demonstrated that different
transcripts for these genes exist in blood stage parasites and that
these are regulated in a stage-specific manner (Fig. 2B). It is not
known whether these transcript variants result from alternate
splicing or the use of different transcription initiation or termina-
tion sites. RNA-seq data from other experiments (Bartfai et al.,
2010; Otto et al., 2010) do not paint an entirely clear picture for
these three genes, although in each case they are consistent with
the northern data presented in Fig. 2. The PfGIyRS appears to have
a transcript slightly over 3,000 nt in the early asexual stages, with
some extension at the 3’ end seen in later stages, consistent with
the size seen in the northern blot. Some small introns (~80-
90 bp), with apparent slippage in 5 and 3’ splice junction sites
are also apparent in both the 5’'UTR and 3'UTR of the PfGIyRS locus.
The PfAlaRS locus has RNA-seq signal that indicates a product
around 4,000 nt, in the earliest stages, as well as some slightly
longer extensions at the 3'UTR in later stage parasites. The PfThrRS
locus likewise has RNA-seq data indicating a product of just over
3,000 nt in early stages, as well as some extensions to this tran-
script at 5’ and 3’ ends in later stages (which may be separated
by introns). The exact identity of these stage-variant transcripts
certainly deserves further attention, potentially with reverse tran-
scription-PCR methods including rapid amplification of 5 cDNA
ends (5'RACE) or oligo-dT-primed PCR to map the transcription ini-
tiation and termination sites.

Aside from alternate splicing or alternate transcriptional start
sites, another way of producing multiple protein isoforms is
through alternate translation initiation (Soldati et al., 1990; Fujino
etal.,, 1997). In the case of S. cerevisiae, the VaIRS and HisRS are tar-
geted to both the cytosol and mitochondria as a result of two alter-
nate translation initiation events leading to the generation of two
aaRs isoforms: one with an N-terminal extension carrying mito-
chondrial targeting information and one without (Natsoulis et al.,
1986; Chatton et al., 1988). This mechanism has also been sug-
gested as the means of dual localisation for several Plasmodium
proteins. A P. falciparum thioredoxin reductase (TxrR) is dually
localised to the mitochondria and the cytosol, while a glutathione
reductase seems to be localised to both the cytosol and apicoplast

Brightfield =~ DAPI anti-ACP

Fig. 5. Immuofluorescence assays of triple haemagglutinin (3x HA)-tagged Plas-
modium falciparum aminoacyl-tRNA synthetase with cytosolic contents extracted
demonstrate a residual fraction in the apicoplast. The major cytosolic fraction of the
HA-tagged PfAlaRS, PfGlyRS and PfThrRS was extracted using 0.2% saponin
incubation, a concentration that does not extract the apicoplast contents. In
extracted parasites, a minor fraction of aaRS that colocalises with the acyl carrier
protein-labelled apicoplast remains. These data demonstrate that although the
majority of these 3x HA-tagged aaRS enzymes are resident in the cytosol, a minor
fraction is specifically targeted to the apicoplast. Negative controls with solely
cytosolic proteins, with secondary antibodies alone or with antibody swaps show
no apicoplast localisation, confirming that the apicoplast localisation of the 3x HA-
tagged PfAlaRS, PfGlyRS and PfThrRS is specific.
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(Kehr et al., 2010). In both cases, the alternate subcellular localisa-
tions are likely to be due to alternate translation initiation (Kehr
et al., 2010), where a full-length protein contains the organellar
targeting sequence, but translation initiation from an internal
methionine bypasses this trafficking leader and generates a cyto-
solic isoform. A mechanism of alternate translation initiation for
the dual localised Plasmodium aaRSs is consistent with the western
blot of the HA-tagged protein (Fig. 4B), and with the proteomic
data available for these three proteins. For each of PfAlaRS, PfGlyRS
and PfThrRS, abundant peptides have been detected in multiple
proteomics experiments from various life stages (Florens et al.,
2002; Lasonder et al., 2008; Bowyer et al., 2011). In all cases these
peptides are detected downstream of the conserved internal
methionine, which supports that this internal methionine is a ma-
jor site for translation initiation. Another possible explanation for
these data is that sequences N-terminal to this conserved internal
methionine are translated and then rapidly cleaved and degraded.
The western analysis of the HA-tagged aaRS proteins also suggests
that most of the protein originates from these internal methio-
nines, however we cannot exclude that the insertion of the HA-tag-
ging sequence and Plasmodium berghei 3'UTR has perturbed the
regulation of expression for this locus.

Another possible mechanism for alternate trafficking, observed
in diverse proteins, is the use of a targeting sequence that is only
inefficiently detected or bound by the protein sorting machinery,
giving rise to one fraction of protein that is recognised and targeted
to an organelle, while the remainder is retained in the cytosol or
imported by another organelle (Peeters and Small, 2001). Dual tar-
geting of aaRS to mitochondria and chloroplasts in plants appears
to occur via an ambiguous N-terminal targeting peptide that is
sloppily recognised by the import apparatus of both organelles
(Berglund et al., 2009). Such a mechanism seems improbable for
the characterised Plasmodium aaRS proteins, given that all of the
GFP-reporter fused to the N-terminal of the aaRS was recognised
and imported into the apicoplast (Fig. 3A). This indicates that when
the N-termini of these proteins are present, they are efficiently
recognised as apicoplast targeting sequences. We therefore favour
a mechanism of alternate translation initiation mediating dual tar-
geting of PfAlaRS, PfGlyRS and PfThrRS. This may either be con-
nected to or independent from the apparent production of
different transcripts for these genes. These phenomena warrant
further studies to investigate if and how alternate translation initi-
ation occurs, and to investigate the nucleic acid and protein ele-
ments of its regulation.

The reduction of an original three genes to satisfy aminoacyla-
tion of the apicoplast, mitochondrion and cytosol tRNAs to a single
gene for each of Ala, Gly and Thr, prompts the question of the evo-
lutionary origin of the retained gene. To address this, trees were
constructed for each of the three aaRSs using multiple phyloge-
netic inference methods. The positions of the apicomplexan en-
zymes were poorly resolved, but for each of the three aaRSs
studied, phylogenies show a clear eukaryotic origin, rather than
derivation from the endosymbiont aaRSs that were presumably
present in the ancestors of the apicoplast or the mitochondrion
(data not shown). The evolutionary origins of these dually localised
proteins can also be analysed by examining the situation in closely
related apicomplexans. A different set of tRNA synthetases appear
to be dual targeted in the apicomplexan parasite T. gondii (by
mechanisms not yet understood) (Pino et al., 2009). Partial subcel-
lular fractionation experiments suggest that at least Toxoplasma
CysRS and perhaps ProRS are found in organellar as well as cyto-
solic fractions, while several other tRNA synthetases appear only
once in the genome, so are likely candidates for dual localisation
(Pino et al., 2009). It is noteworthy that all three of the Plasmodium
enzymes investigated in this study, PfAlaRS, PfGlyRS and PfThrRS,
are represented by two phylogenetically distinct genes in T. gondii
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(Pino et al., 2009), so the evolution of dual targeting for these en-
zymes likely came after the split of haemosporidia from the cocci-
dian parasites. AlaRS, GlyRS and ThrRS also appear only once in the
genomes of closely related Theileria and Babesia parasites, so dual
localisation of those proteins is probably shared in piroplasmida
parasites. However, the gene models of these aaRSs in the se-
quenced piroplasmidae do not commence with predicted apicop-
last targeting sequences, so it remains to be seen whether the
mechanism of dual targeting for these genes is shared between
these species.

One of the reasons that aaRSs can be successfully shared be-
tween organelles is that the substrates of these enzymes are rela-
tively constant - ATP and the amino acids themselves look the
same, irrespective of which compartment they inhabit. The excep-
tion of course is the tRNA molecule itself. Eukaryotic and bacterial
tRNAs for the same amino acid can vary greatly at sequence and
structural levels. So much so that bacterial tRNA synthetases fre-
quently cannot recognise their cognate eukaryotic tRNAs, and con-
versely eukaryotic tRNA synthetases may not recognise bacterial
tRNAs (Liu et al., 2011). The apicoplast encoded bacterial-type
tRNA??3 tRNASY and tRNA™" are highly diverged from the nuclear
encoded eukaryotic-type equivalents, and the apicoplast encoded
tRNAs are much more A + U rich than the nuclear encoded tRNAs
(Preiser et al., 1995). Despite these differences, the dual targeting
of single aaRSs responsible for charging both these sets of tRNAs
strongly suggests that, for these tRNAs at least, the aaRS is able
to recognise and charge both tRNA types. The translational respon-
sibilities of the apicoplast are probably not onerous as the apicop-
last genome encodes only a handful of proteins (Wilson et al.,
1996), and its lumenal volume is small. The parasite may therefore
be able to tolerate several eukaryotic aaRSs that efficiently recog-
nise their eukaryotic tRNA substrates but can also charge the nec-
essary apicoplast tRNAs with adequate capacity. These same
unique tRNA synthetases must also be the enzymes responsible
for charging the tRNAs used by the mitochondria. We find no evi-
dence for these enzymes in mitochondria, so the charging must oc-
cur either in the cytosol or the apicoplast, followed by import of
the charged tRNAs into the mitochondria. Nuclear encoded tRNAs
have previously been detected in mitochondrial fractions of T. gon-
dii in their aminoacylated forms (Esseiva et al., 2004; Pino et al.,
2009), suggesting the mitochondrion uses nuclear tRNA charged
in the cytosol. In addition, mitochondria persist in P. falciparum
parasites that lack apicoplasts (Yeh and DeRisi, 2011), which indi-
cates that it is the nucleus, rather than the apicoplast, that encodes
the tRNA used by the mitochondria.

The elegant validation of the two Plasmodium IleRS enzymes as
targets for several inhibitors (Istvan et al., 2011) already indicates
that Plasmodium aaRSs are potential targets for drug development.
Many other inhibitors are directed against a wide range of aaRSs
from other organisms and these warrant further investigation in
Plasmodium. Borrelidin is thought to inhibit ThrRS (Nass and Pora-
lla, 1976; Otoguro et al., 2003), and our data indicate that this en-
zyme will be required for translation in all three translationally
active compartments of Plasmodium. The immediacy of action of
this compound, combined with its potential for wide ranging inhi-
bition in the cell, makes the pursuit of further inhibitors of dual
targeted Plasmodium aaRSs a worthy goal.
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